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Abstract 
In view of the fact that the large-scale projects of the ground-coupled heat pump systems become more popular, a new concept is 
proposed that a representative borehole takes the place of the least-favorable borehole in thermal analysis of the ground heat 
exchangers so that more precise designs and simulations may be achieved. Borehole temperatures and their average are 
calculated in fields with multiple boreholes, and the mean square error coefficient is devised in order to analyze the imbalance 
between the boreholes. Conclusions are obtained to locate the representative borehole in different configurations of the borehole 
fields. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of CCHVAC 2015. 
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1. Introduction 
A number of large-scale ground coupled heat pump (GCHP) projects have been established in commercial 
buildings for space heating and cooling in China because of their higher efficiency, lower maintenance cost and 
environmental friendliness [1]. Many of these GCHP systems currently in operation in China were inadequately 
designed only according to the rules of thumb.  The rules of thumb can serve well for specific localities where the 
building load, soil and weather conditions are fairly uniform because design specifications are based on the 
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experience with related installations [2]. However, the rules of thumb cannot properly assess the effect of varied 
design parameters, such as shallower burial depth, lower shank spacing between U-tube legs, and larger borehole 
space in ground surface. As a result, these ground heat exchangers (GHEs) were either oversized, which lead to 
unnecessarily high capital costs, or undersized which result in system malfunction.  
Recently, a simulation-based program named GEOSTAR has been developed by our research group for the 
design and simulation of GHEs [3]. The superposition principle was employed to deal with the thermal inference 
among the multi-boreholes, which was proposed by [4,5]. Actually, the temperature response of each borehole is 
different from the other boreholes because of the different location and the thermal interference. Therefore, it is 
necessary to find a representative temperature of the borehole wall in order to calculate the inlet/outlet temperature 
of the circulating fluid during the design process. The accurate method is to calculate the temperature response of 
each borehole and obtain the average temperature among all the boreholes. However, this method may cause a 
tedious calculation process especially for the cases with a large number of boreholes, which is not suitable for 
engineering design. To simplify the calculation process and also to obtain a conservative design result, the least-
favorable borehole with the highest thermal resistance among the multi-boreholes is generally chosen as the 
representative borehole in most design/simulation programs.  Meanwhile, it is quite easy to search the location of the 
least-favorable borehole in the borehole configuration.  
During the last decade, more and more large-scale GHE systems have been installed in China, which usually 
include hundreds or even thousands of boreholes. For the cases with large-scale boreholes, the temperature response 
of the least-favorable borehole may cause a severe deviation from the average temperature among the multi-
boreholes. Accordingly, this method may result in an over-sized borehole length and increase the capital cost. 
Therefore, the primary objective of this study is to search the most optimal borehole to represent the average 
temperature response of the multi-boreholes and to further optimize the design method of GHE systems. The 
borehole configuration can be varied according to the actual available ground area, such as the “L” shape, double L, 
and matrix. Currently, the matrix has become the main borehole configuration in projects with multi-boreholes.  
Therefore, the following study focuses on the matrix configuration.   
2. The thermal imbalance of multi-boreholes 
In most heat transfer models of the GHE, the heat transfer process may usually be analyzed into two separated 
regions. One is the soil/rock outside the borehole, where the heat conduction must be treated as a transient process. 
Another sector often segregated for analysis is the region inside the borehole, including the grout, the U-tube pipes 
and the circulating fluid inside the pipes. The analyses on the two spatial regions are interlinked on the borehole wall. 
One of the typical heat transfer model for the heat transfer outside the borehole is the finite line source, i.e. the 
borehole with a constant heating rate is assumed to be a finite line source. Temperature rises that occur at any time τ 
on the wall of the borehole can then be calculated in the following manner [6]: 
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where, T0 is the initial temperature of the soil, i.e. the annual mean temperature of the soil; k and a denote the 
thermal conductivity and thermal diffusivity of the soil, respectively; H and rb are the borehole length and the radius, 
respectively; and ql is the heating rate per length of the line source.  
For each borehole, its temperature response on the borehole wall basically consists of two parts: the primary 
temperature rise due to the line source (U-tube) in the borehole itself (see equation 1) and the second one caused by 
the rest boreholes in the GHE. It should be noticed that the heat transfer rate per borehole is assumed to be constant. 
Thus, the heat transfer in a field with multiple boreholes can then be analyzed on the basis of the superposition 
principle, as shown in Equation (2). 
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where, n is the total number of the boreholes, θ=T-T0, ri is the distance between the representative borehole and 
the ith borehole. 
According to the aforementioned heat transfer models, the temperature response of each borehole and the average 
temperature of the whole GHE can be calculated under the given condition of borehole geometrical layout. The 
temperature responses on each borehole caused by its adjacent boreholes are obviously different, which primarily 
depend on the spacing and geometric placement of the boreholes.  It is reasonable to use the mean square error (MSE) 
to determine to what extent the current model does not fit the true data. Considering the fact that the temperature 
response of borehole wall varies with operating time, the coefficient of MSE is employed to estimate the imbalance 
of the temperature responses among the boreholes. Equation (3) gives the definition of the coefficient of MSE,  
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where, xi means the temperature rise of the ith borehole, x  is the average temperature rise of the whole GHE, n is 
the number of the boreholes, V is MSE and VV  is the coefficient of MSE.  
Fig. 1 describes the variations of the thermal imbalances among boreholes with operating time under different 
borehole configurations. It can be seen from the curves that the variations of the thermal imbalance of different 
borehole layouts show the similar trend with time. The imbalance of the temperature response remarkably increases 
with time at the beginning of the operation and slightly declines and tends to be stable after a long term operation. 
This is because the heat transfer becomes stable after a long term of operation. Fig. 1 also shows the thermal 
imbalance of the GHE with smaller boreholes is significantly weaker compared to the large-size GHE, which 
demonstrates the thermal interference among the smaller boreholes is lower. The thermal imbalance of the GHE is 
independent of the total number of the boreholes at the beginning of the operation because only adjacent boreholes 
can cause a significant thermal interference on the concerned borehole during a short term of operation.  
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Fig. 1. Variations of the borehole imbalance of different borehole configurations with time 
3. Selection of representative borehole 
It can be  estimated that the thermal imbalance among boreholes may become unnegligible in the cases with 
large-size boreholes, for example, the value of coefficient of MSE reaches 21% when the heat transfer gets to stable 
in the case of 16×16 matrix, as shown in Fig. 1. Therefore, it is necessary to find out a representative borehole 
instead of the least-favourable one.    
The relative difference between the temperature rise of each borehole and the average value of the whole GHE is 
selected as the deviation index to search the most representative borehole and the definition is given in equation (4), 
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When the values of the deviation index is within the range of f5% during the whole period of the operation, the 
relative borehole can be selected to be the representative borehole.   
According to the basic principle of heat transfer, the temperature gradient of the symmetry plane in a temperature 
field is equal to zero, which means there is no heat flux through the plane. Thus the symmetry plane can be 
considered as an adiabatic surface. It is clear that there may be some symmetry planes in the large-scale borehole 
region without groundwater seepage under the uniform geological condition. The whole buried area can be divided 
into several symmetry areas of temperature responses and then be simplified by using those symmetry planes.  In 
matrix configurations (where the row/column number is larger than 4), only one quarter of the matrix should be 
analyzed and substitute the whole heat transfer region because of the symmetry temperature distribution segmented 
by the adiabatic surfaces. Therefore, three quarters of the computational effort can be saved. Based on the 
preliminary calculation, the representative borehole is generally situated in the center area of the one quarter region. 
It should be noticed that the various borehole arrangement may have different number of the center boreholes in the 
one quarter region which depends on the total rows/columns are odd or even. In order to simplify the calculation 
process, the borehole nearest the one quarter center is chosen as the reference borehole. Then we can search the 
representative borehole in the center region around the reference borehole.  
For a matrix configuration, the rows and columns of the boreholes can be divided into four configurations, i.e., 4nǃ
4n+1ǃ4n+2ǃ4n+3 (where n>1), resulting in at least 16 kinds of one quarter layouts. To be conservation, the 
borehole with highest thermal resistance can be the reference one when there is more than one borehole which has 
the same distance from the center. The relative positions of the concerned and reference boreholes in the one quarter 
region are shown in Fig. 2.  
          
(a) matrix with 5h5                            (b) matrix with 9h12 
Fig. 2. positions of the reference borehole and the concerned ones  
4. Results and discussion 
In this study, six matrix configurations are discussed and the variations of the temperature differences between the 
concerned boreholes and the average temperature with time are described in Figures 3-5.  
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Fig. 3. Relative temperature differences between the studied boreholes and the average borehole wall temperature ( the black curves are 5h5 and 
the red curves are 5h14; is No.1 borehole; is No. 2 borehole;  is No.3 borehole; is the reference 
borehole; is the least-favorable borehole) 
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Fig. 4. Relative temperature differences between the studied boreholes and the average borehole wall temperature ( the purple curves are 12h16 
and the dark blue curves are 12h18; is No.1 borehole; is No. 2 borehole;  is No.3 borehole; is the 
reference borehole; is the least-favorable borehole) 
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Fig. 5. Relative temperature differences between the studied boreholes and the average borehole wall temperature ( the green curves are 9h12 
and the yellow curves are 10h16; is No.1 borehole; is No. 2 borehole;  is No.3 borehole; is the 
reference borehole; is the least-favorable borehole) 
As shown in Fig. 3, the relative temperature differences of No. 2 and No.3 boreholes are within f5% compared 
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to the average borehole wall temperature in the case of smaller boreholes, such as matrix with 5h5 or 5h14. 
Therefore, both No.2 and No.3 boreholes can be selected as the representative boreholes, while No. 3 is closer to the 
average value compared to No. 2.  It should be noticed that the best representative borehole may vary with the 
increase of the boreholes. In 9h 12 configuration, all the three candidate boreholes can be chosen as the 
representative borehole, though No. 2 shows a smaller deviation error compared to the other two boreholes. In 10h
16 configuration, No.1 has the smallest deviation error. In matrixes with 12h16 and 12h18, only No.1 has a 
deviation error of less than f5%. The calculation results demonstrate that the representative borehole will migrate 
outwards with the increase of boreholes.  
It can be seen from the results that the representative borehole moves from No.3 to No.1 with the increase of the 
boreholes. As for the engineering design, it is suggested to select No.3 as the representative borehole for the purpose 
of conservation. Compared to the least-favorable borehole, the best representative borehole can significantly 
improve the accuracy of the design as a result reducing the total drilling length. In order to obtain some useful 
suggestions for engineering design, a large number of matrix configurations have been calculated and analyzed and 
some conclusions are summarized in table 1 under the condition of 5m borehole spacing. 
Table 1 Suggested representative boreholes with different boreholes 
Representative borehole Number of the total boreholes  
No.3 Less than 30 
No.2 or No.3  Within 30-70 
No.2 Within 70-130 
No.1 or No.2 Within 130-160 
No. 1 Larger than 160 
5. Conclusions 
The discrepancy of temperature responses among the boreholes has been analysed according to the calculation of 
temperature rises of each borehole in large-size GHEs.  The results indicate that the thermal imbalance among the 
boreholes become more significant with the increase of the boreholes. Therefore, the conventional design method 
which employs the temperature rise of the least-favourable borehole to design borehole length will cause a severe 
deviation from the true data. It is a reasonable and simply way to select a representative borehole instead of the 
least-favourable one during the design/simulation process.   
The basic principle and method on how to determine the representative borehole have been proposed. The 
locations of the reference borehole and its adjacent candidate boreholes are discussed. Finally, the specific locations 
of the representative borehole have been roughly summarized according to a great deal of calculations under the 
condition of 5m borehole spacing. This study can provide a reliable and useful method to fast locate the 
representative borehole for the purpose of GHE design/simulation for researchers and engineers in this area, which 
can further promote the wide application of the GCHP technology in China. 
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